oleifera, turnip rape, is the third important Brassica oilseed crop, and is grown in China, Canada, India, and northern Europe (Ramchiary and Lim 2011) . In Finland, spring turnip rape is the most important oilseed crop. Other oiltype subspecies include B.rapa ssp. trilocularis (yellow sarson), B.rapa ssp. sarson (brown sarson), and B.rapa ssp. dichotoma (toria), which are grown in Indian continent (Kimber and McGregor 1995) .
The assessment of diversity in a species is important in plant breeding programs, and for effective conservation, management and utilization of genetic resources of the species.
The most efficient markers for studying diversity are molecular markers, and several marker systems exist. Single nucleotide polymorphism (SNP) markers describe a single base pair change or indel (insertion or deletion), and occur frequently throughout the genome in large numbers. Publicly available SNP panels exist only for a limited number of species, and a great effort is needed when designing SNP markers for a species of your choice. SNPs can be found by comparing sequences from several genotypes obtained either from sequence databases or from sequencing projects. Fortunately, powerful next-generation sequencing (NGS) techniques enable large-scale resequencing studies for discovering novel SNPs. Sequence assembly is greatly simplified if a reference genome exists, and for B.rapa (Brassica A genome), a reference genome was released in (Wang et al. 2011 . Recently, genotyping by sequencing (GBS) has become an option for genetic diversity studies in plant populations. With the ability of multiplexing as many as 384 barcoded samples per sequencing lane in NGS, unbiased SNP polymorphism detection has become economical. However, analyzing such data is more demanding due to the dimensions of data as well as the big amount of missing values.
Genetic diversity in B.rapa has been studied with different marker types such as allozymes, isozymes, Restriction Fragment Length Polymorphisms (RFLPs), Amplified Fragment Length Polymorphisms (AFLPs), and SSRs (McGrath and Quiros 1992; Zhao et al. 2005; Takuno et al. 2007; Zhao et al. 2009; Pino Del Carpio et al. 2011; Annisa et al. 2013; Guo et al. 2014) . SNP markers have only been used to study genetic variation in turnips (Zhang et al. 2014 ) but not in other morphotypes.
The specific aims of the present study were 1) to gather a genetically diverse collection of B.rapa, mainly oiltypes, from different parts of the world, 2) to develop a set of SNP markers identified by amplicon resequencing and with some SNPs designed to genes D r a f t affecting important breeding traits (fatty acid and glucosinolate metabolism, and disease resistance), 3) to analyze the SNP diversity in the B.rapa collection, and 4) to compare our SNP genotyping data with GBS data.
Materials and methods

Plant material
Sixty-one B.rapa accessions, mostly oiltype, were selected from genebanks and commercial sources ( Table 1) . The collection contained local accessions, cultivars, and breeding lines. The turnip rape (B.rapa ssp. oleifera) accessions included cultivars from Canada (4), Sweden (4) and Finland (1), breeding lines from Finland (6), accessions from South and Middle America (4), North America (1), Australia (1), Africa (1), Europe (8), and Asia (14) . Five of the accessions were wild type (var. silvestris, 3 from Europe and 2 from Asia). Because there are several centres of diversity of B.rapa in Asia, several Asiatic accessions were included. In addition to turnip rape, 2 oiltype ssp. dichotoma and 5 ssp. trilocularis accessions were included, as well as 3 leaf type (ssp. japonica, pekinensis, and chinensis) and 5 turnip cultivars (ssp. rapa).
Four plants from those accessions that were presumably self-compatible (ssp. dichotoma and trilocularis, Gómez-Campo and Prakash 1999), and 16-20 plants from the other accessions were sown in greenhouse. DNAs were extracted using the method of Tinker et al.
(1993) with modifications described in Tanhuanpää and Manninen (2012) . DNA concentrations
were measured with NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Delaware, USA). All seeds did not germinate and in addition, some individuals had to be excluded from the final data because of more than 10% missing SNP results (Table 1 contains the final amounts of individuals) to end up with a total of 893 individuals. For resequencing, a panel of 8 individuals was selected, one individual from each of the following accessions:
Cordelia (spring turnip rape from Finland), SW Petita (spring turnip rape from Sweden), Salut (winter turnip rape from Sweden), SW Rebus (spring turnip rape from Sweden), Milan White (turnip), PI 459018 (B.rapa ssp. trilocularis), CR 3396 (turnip rape from Tibet), and K-145 (turnip rape from China). The selected accessions represented different types of B.rapa and oiltypes that interested the breeder.
Amplicons
Amplicon sequencing was used for SNP discovery. Genes for amplicons were selected by taking advantage of the recently sequenced B.rapa ssp. pekinensis accession Chiifu-401-42 (Wang et al. 2011) . A list of all the annotated genes was made, and 149 genes were selected based on their function: those involved in fatty acid or glucosinolate metabolism, or defence. In D r a f t addition, 235 genes situating evenly in the genome (every 100th gene) were selected to end up with a total of 384 genes.
Primers for amplifying amplicons from the selected genes were designed using the program eprimer3 (Rice et al. 2000) . From the 5 alternative primer pairs for each amplicon, we selected primers that attached to exons so that there was at least one intron between them, the GC percentage was as high as possible, and the amplicon size was around 400 bp.
PCR program for amplicon amplification consisted of 35 cycles of 10 s at 98°C, 30 s at 58°C (for some amplicons 54°C or 62°C), and 30 s at 72°C in a PTC-220 DNA Engine was performed with GenAlex 6.5 Smouse 2006, 2012) . Significance of the results was tested by permuting the SNP marker data 999 times. Four accessions that according to SNP analysis seemed to be self-compatible were omitted from AMOVA analysis. A neighbor-joining (NJ, Saitou and Nei 1987) dendrogram containing all the individuals in the study was built with MEGA ver 6 (Tamura et al. 2007) using the Euclidean distances counted with GenAlex 6.5. In addition, NJ trees were built for the 84 individuals that were involved in the GBS experiment, using Euclidean distances based on either GBS-SNPs or Illumina BeadXpress SNPs, and distance matrices were compared with a Mantel test (Mantel 1967) in the software GenAlex.
The population structure of Brassica accessions was investigated by STRUCTURE ver. 2.3.2.1 software using admixture model (Pritchard et al. 2000; Falush et al. 2003; Hubisz et al. 2009 ). The number of clusters or populations (K) was estimated by using five runs of 20,000
iterations following 10,000 burn-in iterations for values of K between 1 and 10. The best number of clusters (3) was identified by using the delta K method which was based on the estimated probability of data Ln P(D) (Evanno et al. 2005) . The STRUCTURE program counts membership fractions for the K clusters for each individual. For each accession, the average membership fraction was counted, and accessions were assigned to groups according to this mean membership value, into that group the value of which was the highest.
Results
SNP discovery
From the 384 SNP markers (including 28 indels) run with Illumina BeadXpress, 209 (54.4%) functioned well, were polymorphic (ESM Table S1 ), and were used to genotype plants from our (Table   S1 ).
Genetic diversity
There was great variation in diversity indices of the 61 accessions ( Genetic distances between individuals were visualized with a NJ tree (ESM Fig.   S1 ). Individuals belonging to the same accession mainly grouped together. However, especially spring oilseed accessions did not always form clear groups but individuals were somewhat mixed. There were also some individuals with erroneous positioning to a wrong accession type (two examples have been pointed out with arrows in Fig. S1 ), due to perhaps a sample mixup. STRUCTURE deduces population structure using the marker data to identify K clusters. The delta K values for 2 or 3 clusters were almost the same. Based on the K value 3 the material was divided into 3 groups (Fig. 1) . The assignment of accessions into groups was usually very straightforward but for some accessions, the membership values for 2 different groups (mainly groups 1 and 2) were close to each other and these accessions could be considered admixed. AMOVA analysis of self-incompatible accessions, 65% of the variation was due to variation within accessions, 25% among accessions, and 10% among STRUCTURE groups (Table 2) .
GBS-SNPs versus Illumina BeadXpress SNPs
From the 12 accessions selected for GBS analysis, a total of 5727 SNPs were called. NJ trees built either using distance matrices obtained with GBS-SNPs or 209 Illumina BeadXpress SNPs grouped the individuals from the 12 accessions roughly similarly (Fig.2) . In both trees, Paritosh et al. 2013; Devisetty et al. 2014; Chung et al. 2014; Zhang et al. 2014; Song et al. 2015) . However, genetic diversity in oilseed B.rapa has not been studied with SNPs.
Our plant material was analyzed with 209 SNP markers and was divided into 3 diverse STRUCTURE groups, which were quite definite. included in the study clustered to the same group. Diversity in our 3 STRUCTURE groups was different, group 1 being the least variable and group 3 the most variable. However, this might merely reflect the fact that our genotype collection was deliberately biased towards spring oiltypes, and therefore group 3 was biggest and contained accessions widely from all over the world.
There were only a few exceptions to the STRUCTURE grouping corresponding to morphotype and flowering habit. This might indicate incomplete information or misclassification in the genebank databases or sample mixup in greenhouse or during DNA extractions or analyses. As a matter of fact, accession K-145, which belongs to group 1 (dichotoma-trilocularis-leaf types), and not to group 3 as expected, appears to be ssp.
trilocularis because in the NJ tree its individuals very clearly belonged to the same branch with those of ssp. trilocularis accession PI 173847. This was not due to the quite a high amount of missing data in these accessions (see Results).
A general finding is that B.rapa accessions are separated into groups corresponding to their geographical origin (Song et al. 1988 (Song et al. , 1990 Zhao et al. 2005 ; Takuno et D r a f t al. 2007; Annisa et al. 2013; Guo et al. 2014 , Zhang et al. 2014 ). However, we did not perceive any effect of origin on grouping, e.g. the biggest group 3 contained spring oiltypes from several countries all over the world. In groups 1 and 2, there were not so many accessions and e.g. the 5
turnips were all European, and from the 3 leaf types 2 were Chinese and one was Japanese.
Therefore, it is difficult to differentiate the effect of origin from that of the morphotype in these groups. At least partly convergent results compared to ours include clustering of winter and spring oiltypes separately in B.rapa (Zhao et al. 2010; Annisa 2013) Most of the variation in our B.rapa collection was within accessions (65%), which is typical for a self-incompatible species. Variation among accessions was 25% and among STRUCTURE groups 10%. Previously, it has not usually been possible to investigate variation within B.rapa accessions because only one individual per accession or bulked individuals have been used. However, in one study with 8 oilseed B.rapa cultivars, genetic variation was reported to be 60%, 22% and 18% within cultivars, across cultivars and across 2 geographic regions, respectively (Zhao et al. 2009 ). When accessions have been grouped according to STRUCTURE or hierarchial cluster analysis, the among group variation has been from 11% to 16% (Pino del Carpio 2011; Annisa et al. 2013; Guo et al. 2014 ).
It has been debated that SNP markers developed by resequencing of only a few genotypes may suffer from ascertainment bias. Consequently, estimates of population genetic parameters, allele frequency distribution and linkage disequilibrium can be biased (Heslot et al. 2013 ). In our study, SNPs were generated based on sequencing of 8 B.rapa genotypes. We therefore also studied diversity with GBS-SNPs developed in a set of 84 individuals from our plant material. GBS is a method where discovery and genotyping of SNPs is done in one step which leads to marker data with less bias. The diversity indices and distance matrices with GBS-SNPs and Illumina BeadXpress SNPs correlated well with each other, and the NJ trees looked quite similar. The higher diversity values for Illumina BeadXpress SNPs refer to the fact that during the SNP marker design process, we had selected the most polymorphic SNPs whereas all GBS-SNPs (excluding monomorphic ones) were used in the analyses. There seems to be no bias in our SNP marker set, which is due to the fact that we had succeeded to select genotypes representing all the 3 STRUCTURE groups for resequencing, and the genotypes thus D r a f t covered the diversity of B.rapa quite well. Consequently, this smaller number of SNP markers was evidently big enough for diversity analyses.
The outcome from the present study was a genetically diverse collection of mainly oilseed B.rapa accessions and a set of 209 polymorphic SNP markers, which was used to investigate genetic diversity, genetic distances between individuals, and structure in the B.rapa collection. As far as we know, genetic relationships in oilseed B.rapa have not previously been investigated with SNP markers, and new interesting information was revealed.
According to our results, the accessions formed 3 groups which seemed to correspond to morphotype and flowering habit but not to geography as generally perceived in previous studies. Assessment of genetic diversity is the basis of all plant breeding and also crucial when studying genetic resources of the species. The SNP markers developed can be used in future mapping and diversity studies as well as for plant breeding programs. Wang, X., Wang, H., Wang, J., Sun, R., Wu, J., Liu, S., Bai, Y., Mun, J.H., Bancroft, I., Cheng, F., Huang, S., Li, X., Hua, W., Freeling, M., Pires, J.C., Paterson, A.H., Chalhoub, B., Wang, B., Hayward, A., Sharpe, A.G., Park, B.S., Weisshaar, B., Liu, B., Li, B., Tong, C., Song, C., Duran, C., Peng, C., Geng, C., Koh, C., Lin, C., Edwards, D., Mu, D., Shen, D., Soumpourou, E., Li, F., Fraser, F., Conant, G., Lassalle, G., King, G.J., Bonnema, G., Tang, H., Belcram, H., Zhou, H., Hirakawa, H., Abe, H., Guo, H., Jin, H., Parkin, I.A., Batley, J., Kim, J.S., Just, J., Li, J., Xu, J., Deng, J., Kim, J.A., Yu, J., Meng, J., Min, J., Poulain, J., Hatakeyama, K., Wu, K., Wang, L., Fang, L., Trick, M., Links, M.G., Zhao, M., Jin, M., Ramchiary, N., Drou, N., Berkman, P.J., Cai, Q., Huang, Q., Li, R., Tabata, S., Cheng, S., Zhang, S., Sato, S., Sun, S., Probability, P(rand >= data), for PhiRT, PhiPR and PhiPT is based on 999 permutations across the full data set. 
